We propose an ultra trace analysis approach for 26 Al by high-resolution Resonance Ionization Mass Spectrometry (RIMS) using a pulsed narrow band-width Ti:Sapphire laser. For ensuring efficient ionization and high isotopic selectivity in RIMS of Al, we developed an injection seeded pulsed Ti:Sapphire laser with high repetition rate operation at up to 10 kHz. The laser produced an output power of 2 W and a spectral band-width of $20 MHz with a repetition rate of 7 kHz. A first demonstration of its performance was done by detecting stable 27 Al using RIMS.
I. Introduction
Trace analysis of long-lived radioisotopes is necessary for a wide range of studies. For example, the long-lived radioisotope 26 Al (half-life of 7 Â 10 5 years) has been used in geophysics, 1) biochemistry, 2) nuclear astrophysics 3) and nuclear engineering. 4) In nature, 26 Al is produced by cosmic ray induced spallation reactions on 40 Ar in the earth's atmosphere and from 28 Si in minerals. The natural isotopic abundance of 26 Al rarely exceeds 10 À14 of natural aluminum ( 27 Al). 5) In fusion reactors, 26 Al is produced through the reaction 27 Al(n,2n) 26 Al induced by fast neutrons. It is suggested, that the product yield of 26 Al can be used for diagnostics of fusion reactor plasma and its dosimetry. [6] [7] [8] The production rate of 26 Al by an intense irradiation of neutrons at typically 14 MeV at ITER is high and thus, 26 Al/ 27 Al ratios in aluminum alloy and/or ceramic might exceeded 10 À9 , 9) i.e. up to 1 ng of 26 Al would be detectable in 1 g of aluminum sample. On the other hand, 26 Al produced at high-energy accelerators was used as a tracer for research on aluminum bio-kinetics. 10) Within aluminum absorption experiments in humans, 11) several tens of ng of 26 Al were administered. From the test persons about 1 ng of 26 Al could be re-extracted from blood and urine after bio-kinetical exchange. For 1 mg of 27 Al added to the sample as carrier, a 26 Al/ 27 Al ratio of typically 10 À6 to 10 À9 must be detected.
For determination of those trace amounts of 26 Al in sam-ples, detection of radiation caused by decay of 26 Al is inappropriate, because the specific decay rate of 26 Al is too low. The detection limit of 26 Al by coincident 511 keV annihilation quanta counting is 0.1 ng (0.1 Bq). 12) Therefore, accelerator mass spectrometry (AMS) is widely used for lowest level 26 Al determination. 13) The detection limit of 26 Al in AMS is 10 À17 g which is corresponding to a limiting 26 Al/ 27 Al ratio of 10 À14 and which also permits the study of the isotopic abundance in nature. Although AMS has ultra high sensitivity, high experimental effort limits wider application of 26 Al. As alternative, Resonance Ionization Mass Spectrometry (RIMS) is well-suited for determination in the above picogram order of long-lived radioisotopes, combining high to ultra high isotopic selectivity with high efficiency. Isotopic selectivity is achieved by using a combination of multi-step laser excitation/ionization and mass spectrometry. In order to distinguish the different isotopes through the precise positions of their individual optical resonance lines, the spectral band-width of the lasers for excitation/ionization must be as low as possible, preferably not exceeding a few tens of MHz. Due to the availability of suitable continuous wave narrow band-width diode lasers, high-resolution RIMS based on diode lasers was developed for some long-lived radioisotopes, such as 41 Ca, 236 U and few others. 14) However, high-resolution RIMS based on diode lasers is not applicable for quite a number of other elements, including Al, because suitable laser diodes for the necessary atomic ground state excitations, often lying in the far blue to UV regions, are not available.
Recently, a pulsed Ti:Sapphire laser (Ti:Sa) operated with repetition rate of up to 10 kHz was developed for RIMS. 15) This powerful laser provides tunability from 670 nm to 950 nm and frequency doubling, tripling or quadrupling can be easily accomplished. In particular the high repetition rate operation is suitable for efficient excitation and/or ionization in RIMS. These Ti:Sa lasers are widely used as a laser source for RIMS at Mainz University and elsewhere. 3, 16, 17) Figure 1 shows possible optical two-and three-step excitation and ionization schemes for Al optimized for Ti:Sa laser use. Concerning the chosen first excitation step at 308 nm, T. G. Cooper et al. reported an isotope shift in the 308.3 nm 2 P 1=2 -2 D 3=2 transition of 26;27 ¼ þ616ð3Þ MHz 18) between the centers of gravity. Due to the non-vanishing nuclear spins of both isotopes 26 Al with I ¼ 5 and 27 Al with I ¼ 5=2, both spectra exhibit a hyperfine structure and the minimum distance between interfering resonance peaks of 26 Al and 27 Al amounts to about $380 MHz. Correspondingly, laser radiation with a narrow spectral band-width of less than 50 MHz is required in at least one step of the excitation and ionization scheme to resolve both isotopes and significantly suppress contributions from the neighboring one in the photo ion count rate. With about 3 to 5 GHz band-width, the standard version pulsed Ti:Sa laser is by far too broad for ultra trace determination of 26 Al. As a solution, a narrow band-width pulsed Ti:Sa laser for high-resolution RIMS was envisaged, which should generally enable and simplify isotope selective trace analysis of numerous long-lived radioisotopes using high-resolution RIMS. One of the most common techniques to achieve pulsed laser operation with reduced spectral band-width as low as few MHz is injection seeding. 19) Low repetition rate and cw injection seeded Ti:Sa lasers were reported previously. 20, 21) In this work we present the development of an injection seeded Ti:Sa pulsed laser with repetition rate of up to 10 kHz. For characterization of its performance first RIMS investigations on stable 27 Al using the injection seeded Ti:Sa laser are discussed.
II. Principle of Injection Seeding
For injection seeding, two lasers are mandatory: One is typically a continuous-wave, narrow band-width and low power laser called the master laser. The other is a high power laser operating in free run in a broad band-width region, called the slave laser. In our case, the master laser is an extended cavity diode laser and the slave laser is a Ti:Sa laser. When the master ''seed'' laser injects into a slave laser and good spatial mode matching is ensured, one particular longitudinal mode within the slave laser resonator is pre-populated with photons from the master laser. Therefore, injection seeded lasing of the slave particular into this mode is highly favored. As a result, narrow band-width, single longitudinal mode and high power lasing is achieved. Here, the bandwidth of the seeded laser is dominantly governed by the Fourier transform limit due to its pulse structure. Assuming that the laser pulse has a temporal Gaussian shape, its Fourier transform, i.e. its frequency spectrum is also Gaussian. The band-width (Á f FWHM ) is related to the pulse width (Á FWHM ) as:
For example, a temporal pulse width of 80 ns corresponds to a Fourier transform limited band-width of $5:5 MHz.
III. Experimental Set-up for the Injection Seeded
Ti:Sapphire Laser Figure 2 shows the experimental set-up for the injection seeded Ti:Sa laser. A high power Nd:YAG laser (Clark Industries, Orc-1000) was used for pumping the Ti:Sa crystal at 532 nm with a repetition rate of 7 kHz. A Lyot filter and an etalon are used as standard frequency selective elements within the Ti:Sa laser resonator, while an internal Pockels cell could be used to control lasing timing. A cw extended cavity diode laser with a band-width of $5 MHz was coupled into the z-shape Ti:Sa laser resonator through the output coupler by using a polarizing cube, a Faraday rotator and a half wave plate. To prevent damage of the laser diode from Ti:Sa laser operation two optical isolators with 60 dB suppression each were used. The diode laser intensity transmitted through the z-shape cavity was detected by a photo diode.
The length of the z-shape resonator cavity was stabilized by a dither locking technique to the wavelength of the seed laser. For this purpose the diode laser wavelength was dithered across a resonance with laser current modulation. The peak width of the z-shape cavity longitudinal mode was about 30 MHz. Thus, a diode laser frequency dither amplitude just below 30 MHz was chosen.
The acute Ti:Sa laser pulse, being about 6 orders of magnitude stronger than the diode laser intensity, makes it extremely difficult to keep the cavity locking electronics operating properly. Optical selection via filters or polarizers is excluded, because the polarization, direction and wavelength of the seeded Ti:Sa laser are identical to those of the master laser. Furthermore, it was similarly impossible, to separate the Ti:Sa laser from the diode laser signal using only passive electronic filtering within the Ti:Sa pulse pauses of 140 ms duration. Hence, the Ti:Sa laser pulse was actively suppressed during the 100 ns instant of Ti:Sa lasing from the output line of the photo diode by using an fast electrical switch. These two switches were operated by TTL signals synchronized with the instant of the Ti:Sa lasing. Figure 3 shows the schematic diagram of the electrical circuitry of switch and amplifier module. To detect up to a few tens of mW from the diode laser, the transimpedance gain of the current-to-voltage converter was set to 10 6 V/A. In addition, the response time of the electrical switch module was put as low as a few ms to rapidly remove the large charge generated 
IV. Characteristics of the Injection Seeded Ti:Sapphire Laser
The wavelength of the Ti:Sa laser was tuned to the 925 nm. Typical free-running (unseeded) and seeded Ti:Sa laser power was about 2.1 W and 1.8 W, respectively. Figure 4 shows the temporal profiles of the pump laser, the free-running and the seeded Ti:Sa laser. As expected, the seeded Ti:Sa laser started lasing significantly earlier than the free-running Ti:Sa laser. The seeded Ti:Sa lasing timing was controllable with the Pockels cell in a similar way as the free-running Ti:Sa laser. 22) This is a very important prerequisite for the synchronization of all individual laser pulses needed for excitation and ionization in multi-step RIMS. The intensity of the minor sub-pulse, that occurred after the main pulse, and which is visible as corresponding pedestal in Fig. 4 decreased with increasing delay of the lasing timing. Figure 5 shows the spectra of the diode laser, the freerunning and the seeded Ti:Sa laser, taken by a Fabry-Perot interferometer (FPI) with a FSR of 2.0 GHz. The seeded Ti:Sa laser in principle shows a very narrow spectrum rather similar to the cw diode laser, but exhibits contributions from side-modes. These side peaks are located about AE300 MHz apart from the main peak and their intensity amounts to about 20% of the one of the central peak. These peaks are caused by spatial hole-burning of the standing wave in the z-shape cavity; they correspond to ðn AE 1=2Þ Á when n Á is the seeded mode. The free running laser does not give any useful spectrum, as its band-width exceeds the FSR of the etalon by far. Figure 6 shows the spectrum of the seeded Ti:Sa laser taken by a FPI with FSR of 300 MHz. From this diagram the spectral band-width of the seeded Ti:Sa laser could be estimated to be $20 MHz, which is close to the Fourier limit and finally given by the diode laser modulation amplitude of the dither locking.
V. RIMS on Stable 27 Al with the Injection Seeded Ti:Sapphire Laser
For first demonstration of the laser, we demonstrated RIMS on stable 27 Al using the injection seeded Ti:Sa laser. Figure 7 shows the experimental RIMS set-up used: Aluminum nitride deposited on titanium foil in a graphite tube served as an aluminum atom source and provided a collimated atomic beam. The sample was atomized by ohmic heating of this graphite oven. In the measurement, a two-step UV-UV excitation and ionization scheme was used as shown in Fig. 1 . One Ti:Sa laser was seeded at 924.90 nm. The frequency tripled Ti:Sa laser light was injected into the atomic beam oven. Sample atoms were excited and ionized in the interaction region. Laser ions were accelerated with high voltage and selected with a mass separator. Laser ions were detected in a Faraday cup. The wavelength of the seeded Ti:Sa laser was scanned through a variation of the diode laser wavelength. During injection seeded Ti:Sa laser scanning, no etalon and Pockels cell were installed within the Figure 8 shows the detected 27 Al ions as a function of the scanning of the seeded Ti:Sa laser. The line-width of 27 Al ions signal is about 7.0 GHz and thus by far broader than the expected line-width. Obviously it is by far dominated by longitudinal Doppler broadening within the effusing atomic beam. Doppler broadening of Al atomic vapor is estimated as follows: The Gaussian line shape function including Doppler shift is described as
where k B is the Boltzmann constant, T is the temperature of atom sample, m is the atom mass, is the frequency, 0 is the line center frequency and c is the light velocity. 
VI. Summary and Outlook
We have proposed and tested an ultra trace determination scheme for 26 Al by high-resolution resonance ionization mass spectrometry using the frequency tripled light of a pulsed Ti:Sa laser. To suppress contributions from the neighboring stable 27 Al, laser radiation must exhibit a narrow spectral band-width of less than 50 MHz for at least one step in the excitation and ionization schemes. In addition, the laser system must provide a high repetition rate of several kHz for efficient resonant excitation and ionization.
Thus, we developed an injection seeding for a pulsed powerful Ti:Sa laser, which operates in a high repetition rate scheme. The injection seeded Ti:Sa laser produces an output power of $2 W and a spectral band-width near $20 MHz was accomplished. Additionally, first results of RIMS on stable 27 Al with the injection seeded Ti:Sa laser were obtained, unfortunately not yet exhibiting the advantages of the narrow band-width due to unfortunate experimental conditions. These will be optimized soon.
The characterization of the laser radiation exhibits, that the spectral profile of the seeded Ti:Sa laser, even being narrower than 50 MHz, exhibits weak side modes located AE300 MHz from the central mode. Thus high optical selectivity is not yet achievable. To remove these side modes, caused by spatial hole-burning of the standing wave in the z-shape cavity, we presently develop a ring cavity resonator for the injection seeded Ti:Sa laser. As a further step, high resolution spectroscopy and analysis of 27 Al with the injection seeded Ti:Sa laser is foreseen and afterwards RIMS analysis of 26 Al samples of known concentrations will be addressed. In addition, the narrow band-width injection-seeded laser developed here shall be used for spectroscopic investigations of Rydberg and autoionizing states of miscellaneous other elements of interest by RIMS in the future.
